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Abstract.  Hook decoration with pig brain tubulin was 
used to assess the polarity of microtubules which 
mainly have  15 protofilaments in the transcellular bun- 
dles of late pupal Drosophila wing epidermal cells. 
The microtubules make end-on contact with cell sur- 
faces. Most microtubules in each bundle exhibited a 
uniform polarity.  They were oriented with their minus 
ends associated with their hemidesmosomal anchorage 
points at the apical cuticle-secreting surfaces of the 
cells. Plus ends were directed towards, and were some- 
times connected to, basal attachment desmosomes at 
the opposite ends of the cells. 
The orientation of microtubules at cell apices, with 
minus ends directed towards the cell surface, is oppo- 
site to the polarity anticipated for microtubules which 
have elongated centrifugally from centrosomes.  It is 
consistent, however, with evidence that microtubule 
assembly is nucleated by plasma membrane-associated 
sites at the apical surfaces of the cells (Mogensen, 
M. M.,  and J.  B. Tucker.  1987. J.  Cell Sci.  88:95- 
107) after these cells have lost their centriole-contain- 
ing,  centrosomal,  microtubule-organizing  centers 
(Tucker, J.  B., M.  J.  Milner,  D. A.  Currie, J.  W. 
Muir,  D.  A.  Forrest,  and M.-J.  Spencer.  1986. Eur.  J. 
Cell Biol.  41:279-289).  Our findings indicate that the 
plus ends of many of these apically nucleated micro- 
tubules are captured by the basal desmosomes. Hence, 
the situation may be analogous to the polar-nucleation/ 
chromosomal-capture scheme for kinetochore micro- 
tubule assembly in mitotic and meiotic spindles.  The 
cell surface-associated nucleation-elongation-capture 
mechanism proposed here may also apply during  as- 
sembly of transcellular microtubule arrays in certain 
other animal tissue cell types. 
URING the final stages of Drosophila wing morpho- 
genesis,  a  large  transcellular  microtubule  bundle 
(~<1,500 microtubules/bundle)  assembles  in  each 
trichome-bearing  wing epidermal cell (the major wing cell 
type;  there  are  '~30,000  such  cells per wing).  Assembly 
takes place after the cells have apparently  lost their centriole- 
containing  centrosomes (38).  Such centrosomes are gener- 
ally  considered  to  be  the  main  microtubule-organizing 
centers in metazoan tissue cells (see references 2, 4, 23, and 
37) and they evidently nucleate microtubule assembly during 
early stages of Drosophila embryogenesis (14,  19, 31, 40). 
Ultrastructural  analyses of early stages in assembly of the 
wing cell microtubule bundles indicate  that most microtu- 
bules elongate from the apical end of each cell, where their 
assembly is apparently  nucleated by numerous.plasma  mem- 
brane-associated plaques (26).  Assessments  of microtubule 
polarity based on application  of the tubulin hook-decoration 
technique to several cell types have shown that most microtu- 
bules are oriented with their minus ends associated with a 
microtubule-organizing  center,  so that their plus (fast-grow- 
ing) ends are distal  to centers of this type, such as centro- 
somes, and project outwards towards the cell periphery (11, 
12, 25). The investigation of microtubule polarity reported 
here was undertaken to test a prediction based on our previ- 
ous studies;  namely,  that  microtubules in the transcellular 
bundles of wing cells are oriented with their minus ends in 
contact with the apical surfaces of the cells and therefore ex- 
hibit the opposite polarity to that anticipated  if the microtu- 
bules elongate  from  centrosomes  to  contact  the  cell  pe- 
riphery. 
Hook decoration has also been undertaken  to explore the 
question of whether transcellular  bundles represent single 
populations  of apically  nucleated  microtubules of uniform 
polarity that  are captured by the large  attachment  desmo- 
somes to which they are anchored (26, 38) at cell bases. Do 
the desmosomes act rather like giant kinetochores and cap- 
ture (see references 12 and 17) the plus ends of microtubules? 
Alternatively,  are bundles composed of two interdigitating 
sets of antiparaUel microtubules that elongate from surface 
nucleating sites at opposite ends of a cell in a similar fashion 
to the coordinated  bipolar nucleations  used during  spindle 
assembly (see reference  12)? These issues are of general im- 
portance for a number of reasons. 
It is becoming increasingly  apparent  that naturally  occur- 
ring microtubule nucleation can take place at sites which are 
not associated  with centrally  positioned, centriole-contain- 
ing centrosomes in some metazoan cell types (for example, 
references  3, 6,  16, 20, 21, 29, 33, and 34). In most but not 
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centriole-containing centrosomes. So far as certain myocytes 
and myotubal syncitia are concerned, microtubule nuclea- 
tion seems to take place at sites associated with the outer sur- 
faces of nuclear envelopes (21, 34), while in mouse oocytes 
microtubules are apparently  nucleated by sites  associated 
with acentriolar clumps of material which have an appear- 
ance similar to that of the pericentriolar material of centro- 
somes (33). In these three cases, the sites include a compo- 
nent which is  serologically related to one in centrosomal 
pericentriolar material. Studies of transcellular microtubule 
bundles in Drosophila (26, 38) raise the possibility that cer- 
tain metazoan tissue ceils can also nucleate microtubule as- 
sembly at sites associated with the plasma membrane and 
capture microtubule ends at other cell surface sites.  This 
possibility has wide-ranging implications for the potential 
involvement of surface  contact  interactions  between  cell 
neighbors and with the extracellular matrix, and involvement 
of surface receptor-mediated responses to signals originat- 
ing from more distant sources, during control of microtubule 
assembly (36). 
Most of the microtubules in the transcellular bundles have 
15 protofilaments (38). Although microtubules with more or 
less than the usual 13 protofilaments have been detected in 
certain cell types in four animal phyla including mammals 
(see reference 9), in no case have the sites for nucleation of 
such microtubules been definitely identified. Furthermore, it 
has yet to be ascertained whether microtubules with more or 
less than 13 protofilaments can be hook decorated with exog- 
enous tubulin. Admittedly, there is no obvious reason to sup- 
pose that this cannot be accomplished. However, it is well 
worth finding out, bearing in mind the potential value of this 
procedure for assessing polarity and obtaining evidence con- 
cerning the direction of elongation and likely location of 
nucleating sites, for what are probably rather highly special- 
ized types of microtubules. 
Materials and Methods 
Preparation of  Microtubule Protein 
Pig brain microtubule protein was prepared by two cycles of depolymeriza- 
tion and polymerization and was stored before use at  -70°C as described 
elsewhere (32). Aliquots of microtubule protein were thawed immediately 
before use and adjusted to give a final concentration of 1-2 mg/ml of protein 
in a  buffer (0.5  M  Pipes, pH 6.9)  containing  1 mM EDTA and  1 mM 
MgC12. 
Preparation of Wing Blades 
Developing wings of Drosophila melanogaster (Oregon S) were dissected 
from pupae (that had been maintained at 25°C) after immersion of pupae 
in a Drosophila tissue-culture medium and at a point 87 h after the start 
of pupariation, as described previously (38).  At this stage, t~  or three 
small cuts were made in each wing with tungsten needles. Each cut was 
100-150-/~m long, and passed right through the thickness of a wing blade 
from a point on its margin towards its midregion. These cuts were effected 
to facilitate penetration by solutions because wings had started to secrete the 
highly impermeable adult cuticle. 
Hook Decoration 
Hook decoration was carried out essentially using the procedure described 
by Euteneur and Mclntosh (10).  Two modifications were used. 
Procedure 1 was as follows. Freshly isolated wings were rinsed for 1 min- 
ute at 37°C in a buffer (0.5 M Pipes, pH 6.9) containing 1 mM EDTA,  1 
mM MgCi2, and 1 mM GTP. After this, wings were extracted for 20 rain 
at 37°C in a buffer (0.5 M Pipes, pH 6.9) containing 1% Triton X-165, 0.5% 
sodium deoxycholate, 0.02%  SDS,  1 mM EDTA,  1 mM  MgCI2,  3.5% 
DMSO, and 1 mM GTP. This was followed  by two l-min rinses as described 
above. Wings were then incubated for 5 min at 4"C, followed by 1 h at 3-/°C 
in a decoration buffer (0.5 M Pipes, pH 6.9) containing 1 mM EDTA, I mM 
MgCI2, 3.5% DMSO, 1 mM GTP, and microtubule protein (1 or 2 mg/ml). 
Subsequently, wings were fixed for 30 min in 2% glntaraldehyde in a buffer 
(0.1 M Pipes, pH 6.9) containing 1 mM EDTA, 1 mM MgCI2,  1 mM GTP, 
and 1% tannic acid. After two 1-min rinses in buffer (0.1 M Pipes, pH 6.9) 
containing 1 mM EDTA and 1 mM MgCI2, they were fixed in 1% osmium 
tetroxide dissolved in this buffer,  dehydrated in ethanol, and embedded in 
Araldite resin. 
Procedure 2  was as described above except that instead of being in- 
cubated in a  decoration buffer after incubation in a  separate extraction 
buffer, wings were incubated for 30 rain at 37°C in an extraction/decoration 
buffer (0.5 M Pipes, pH 6.9) containing 1 mM EDTA,  1 mM MgCI2,  1% 
Triton X-165, 0.5% sodium deoxycholate, 0.02% SDS, 2.5% DMSO, i mM 
GTP,  and microtubule protein (2 mg/ml).  Procedure  1 provided higher 
yields of hook-decorated microtubutes than procedure 2 (see below). 
Results 
Microtubule Arrangement in Extracted Wings 
Microtubule  arrangement  and  cell-surface association  in 
Drosophila wing epidermal cells containing mature transcel- 
lular microtubule bundles fixed 87 h after the start ofpupari- 
ation has been described elsewhere (26). It is outlined here 
so that the extent to which the extraction/decoration proce- 
dure perturbs normal microtubule arrangement can be ap- 
preciated. This is essential for interpretation of the microtu- 
bule polarities found in these preparations. 
During the final stages of wing morphogenesis each wing 
blade  consists  mainly  of two  layers  of trichome-bearing 
epidermal cells (a dorsal layer and a ventral one). A transcel- 
lular microtubule bundle spans the longitudinal axis of each 
cell. The apical ends of the apically branched bundles make 
end-on contact with the cuticle-secreting surfaces of cells 
where the microtubules are attached to hemidesmosome-like 
structures. The basal portion of a bundle projects from the 
cell body into a  slender basal cell extension. The ends of 
microtubules at the base of a bundle are connected to an at- 
tachment desmosome complex. Each desmosome complex 
unites a pair of  basal extensions, one from a dorsal epidermal 
cell and the other from a ventral epidermal cell. Hence pairs 
of transcellular microtubule bundles are united via attach- 
ment desmosomes to form transalar microtubule arrays that 
run right across a developing wing blade. 
Thin (50-nm) sections of ten developing wing blades that 
had been subjected to the hook-decoration procedures and 
fixed 87 h after the start of pupariation were examined. The 
plasma membranes of epidermal cells had been extensively 
fragmented. Nevertheless, most of the transcellular microtu- 
bule bundles remained with their longitudinal axes oriented 
perpendicular to the cuticular surfaces of wing blades, and 
retained their transalar arrangement (Fig. 1). The basal ends 
of bundles  were  still  interconnected by  remnants  of ex- 
tracted, basal-attachment,  desmosome complexes (Fig.  1, 
short arrows). The apical ends of microtubules were often 
associated with clumps of dense material (Fig. 2, arrows). 
Such clumps presumably represent remnants of the apical 
hemidesmosomal anchor points which frequently remained 
close to their original locations. Some were still associated 
with the inner surface of the imaginal cuticle by fine dense 
strands (Fig. 2). 
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transcellular microtubule bundle in a wing prepared using hook- 
decoration procedure 2. Some of the dense remnants (arrows)  of 
the hemidesmosomal anchorages for the apical ends of microtu- 
bules are still attached to the cuticle (C). Bar, 0.2/zm. 
Figure 1. Part of a wing blade prepared using hook-decoration pro- 
cedure 1 and cut at right angles to the plane of the blade. A pair 
of longitudinally sectioned transcellular microtubule bundles are 
connected by a  partially extracted basal attachment desmosome 
complex (short arrows) and have retained their transalar arrange- 
ment.  The apical ends of the bundles are positioned close to the 
cuticular layers (long arrows) on opposite sides of the wing blade. 
Many of the vesicles, such as those towards the left of the micro- 
graph, were probably generated by fragmentation and vesiculation 
of plasma membranes. Bar, 0.5 t~m. 
Mogenscn et al. Microtubule Polarity in Drosophila  1447 Figure 3. Cross section of a basal cell extension and its microtubule bundle prepared for hook decoration using procedure 1 and oriented 
so that the microtubules are viewed looking apicobasally along their longitudinal axes. Hooks on the decorated microtubules all curve 
in an anticlockwise direction (when curvature is followed  outwards from a microtubule profile, arrows).  In this instance, much of  the plasma 
membrane has remained more or less in place around the cell extension and microtubule bundle. Bar, 0.2 #m. 
Many of the bundle microtubules retained an apicobasal 
alignment with each other (Figs.  1 and 2). However, micro- 
tubule  portions  with  a  variety of other orientations  were 
found within extracted bundles, and adjacent to them, at a 
much higher frequency than in unextracted cells (Fig.  3). 
Furthermore, intermicrotubular spacings were substantially 
greater than normal. The number of microtubule profiles per 
bundle cross section was not obviously reduced below the 
normal level in many of the basal portions of  bundles that had 
been subjected to the decoration procedures; each such bun- 
dle portion could be distinguished because most of its micro- 
tubules  remained grouped together, and it was sometimes 
surrounded to some extent by the plasma membrane of the 
basal extension (Fig. 3). Quantitative assessments of the de- 
gree to  which  microtubules  were displaced,  and  perhaps 
depolymerized, during hook decoration were not possible 
for more apical levels. This was because fragmentation of 
plasma membranes at the level of cell bodies, and the api- 
cally splayed configuration of bundles, prevented discrimi- 
nation of discrete groupings of microtubules belonging to in- 
dividual bundles. 
Microtubule Polarities and Patterns of 
Hook Decoration 
Serial thin-section sequences of portions of three different 
wings were cut parallel to the planes of wing blades and from 
one wing surface to the other. Hence, sectioning progressed 
through both dorsal and ventral wing epidermal layers and 
tracked through transalar pairs of transcellular microtubule 
bundles to provide sequences of bundle cross sections. 
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Microtubules per bundle with anticlockwise 
hooks/hooks per microtubule~  t 
Microtubules per bundle  Microtubules per bundle with  Microtubules decorated 
Bundle*  1  2  3  4  5  Total  with clockwise hooks  ambiguous hook decoration§  per bundlell 
% 
A  26  4  1  0  0  31  0  5  31 
B  45  7  4  0  0  56  0  11  38 
C  43  9  8  0  0  60  2  32  58 
D  44  10  1  0  0  55  4  50  64 
E  15  13  6  I  0  35  1  10  71 
F  23  14  11  0  1  49  4  18  74 
1  19  11  1  0  0  31  2  12  43 
2  27  13  11  0  0  51  6  29  49 
3  29  10  1  0  0  40  4  21  50 
4  36  8  2  0  0  46  0  17  53 
5  34  9  4  0  0  47  2  9  56 
6  15  4  0  0  0  19  1  25  57 
Totals  356  112  50  1  1  520  26  239  Mean  =  54 
* Table shows the numbers of microtubules (classified according to three main categories of hook decoration)  in cross sections of twelve different bundles viewed 
apicobasally and cross sectioned at the level  of the cell  body (bundles A-F) or more basally in cell  extensions (bundles 1-6). 
Details of the numbers of anticlockwise hooks per microtubule are shown for each bundle. All microtubules bearing clockwise hooks only possessed one hook 
each. 
§ Further details of the ambiguous patterns of decoration are given in the text. 
}1 The right hand column shows the percentage of cross-sectional microtubule profiles in each bundle that had been decorated. 
The proportion of microtubule profiles bearing hooks in 
each bundle cross section varied from 0-74% (procedure 1) 
and 0-21% (procedure 2). The yield of decorated microtu- 
bules did not obviously differ in wings which had been in- 
cubated with microtubule protein at concentrations of either 
1 or 2 mg/ml when procedure 1 was used. It was not uncom- 
mon to find a complete lack of decorated profiles in bundles 
which were only separated by distances of<15 ~tm from bun- 
dles that included numerous hook-decorated profiles. Hence, 
these differences in the extent of decoration were not entirely 
due to variations in tubulin penetration through a wing blade 
from the access sites provided by the cuts made through the 
cuticle. 
The vast majority of the hooks on microtubules curved 
anticlockwise when microtubules were viewed apicobasally 
(Fig. 3). Hence, hook decoration indicated that virtually all 
of the decorated microtubules in the bundles had the same 
polarity. They were oriented with their minus ends attached 
to  their apical  hemidesmosomal  anchor points,  and  with 
their plus ends directed towards the basal desmosomes. 
Sections of two regions of a wing which included bundles 
with  the  highest  proportions  of hook-decorated microtu- 
bules,  compared with  regions in the other wings  studied, 
were examined to monitor the different categories of hook 
decoration (24) in more detail.  12 cross sections of bundles 
were used. They consisted of six bundles cut in cross section 
at levels where they occupied cell extensions, and six por- 
tions of bundles that included high concentrations of good 
cross-sectional microtubule profiles at levels in cell bodies 
where the bundles have a splayed configuration. These sec- 
tions included 785  hook-decorated microtubule profiles in 
bundles  that  were  viewed  apicobasally.  There were  520 
microtubules bearing anticlockwise hooks and 26 microtu- 
bules bearing clockwise hooks (see Table I). Thus 95 % of 
the unambiguously decorated microtubules in this sample 
bore anticlockwise hooks. The other decorated microtubules 
included three with hooks of  opposite curvature and 236 with 
other  ambiguous  patterns  of  decoration  such  as  closed 
hooks, and hooks on closed hooks. There was no distinct 
difference in  the  percentage of unambiguously  decorated 
microtubules bearing anticlockwise hooks at the level of cell 
bodies (96%) compared with that at the level of basal cell 
extensions (94%). 
Evidence for uniformity of polarity was found in sections 
cut  along  the  entire  lengths  of bundles  until  section  se- 
quences started to include portions of  the basal desmosomes. 
As  sections  progressed  into  a  desmosome  complex  the 
proportion  of microtubules  bearing  clockwise  hooks  in- 
creased relative to those bearing anticlockwise hooks in sec- 
tion sequences that were continuing to advance apicobasally 
out through the base of a cell extension. Sections cut near 
the middle of a desmosome complex included microtubules 
with  opposite  polarities  but  microtubules  with  the  same 
polarity tended to be grouped together (Fig.  4).  Microtu- 
bules with clockwise hooks became predominant as a section 
sequence continued through a desmosome complex and fur- 
ther into the basal  extension of the epidermal cell on the 
other side of the wing blade.  Such predominance became 
complete, at more apical levels in bundles, as soon as por- 
tions of basal desmosomes were no longer included in a sec- 
tion sequence. This spatial sequence for the switch in micro- 
tubule polarities  is consistent with  the zig-zag profiles of 
basal desmosome complexes where the bases of cell exten- 
sions interdigitate (Fig.  1). As a consequence, the bottoms 
of a  pair of microtubule bundles  effectively overlap each 
other although they are contained in different cells. It is also 
consistent with the notion that most microtubules in indi- 
vidual bundles have the same polarity, and the corollary, that 
a transalar array consists of two antiparallel, transcellular, 
microtubule bundles. No evidence was obtained for basally 
located microtubule populations of opposite polarity to that 
found at more apical levels in bundles with plus ends directed 
Mogensen et al. Microtubule Polarity in Drosophila  1449 Figure 4.  Cross section of bundle microtubules at a  level  where 
remnants of a basal attachment desmosome complex (short arrows) 
are situated and interdigitation between the bottoms of the basal ex- 
tensions of two cells located on opposite sides of a wing blade oc- 
curs.  Decorated microtubules near the center and bottom of the 
micrograph possess anticlockwise hooks but those which seem to 
have been located in the cell extension on the opposite side of the 
desmosome complex exhibit clockwise hooks (long arrows). Bar, 
0.1  #m. 
away (apically) from basal desmosomes. Such microtubules, 
even if relatively short, should have been detectable as an in- 
crease in the incidence of microtubules with opposite polari- 
ties in section sequences progressed down basal cell exten- 
sions at some point before sections included portions of basal 
desmosomes. 
Hooks on Microtubules with More than 13 
Protofilaments 
Inclusion of tannic  acid  in the glutaraldehyde  fixative used 
after  detergent  extraction  and  hook  decoration  rendered 
protofilaments  apparent around  the cross-sectional  profiles 
of some microtubules when procedure 2 (but not 1) was used. 
A  few hook-decorated microtubules for which protofilament 
number could be assessed were found.  They all possessed 
>13 protofilaments and the protofilamentous substructure of 
hooks was discernable (Fig. 5, c, d, and e). Two of the deco- 
rated microtubules had 14 protofilaments (Fig. 5 c). In addi- 
tion,  for five other decorated microtubules  it was not quite 
possible  to  clearly  distinguish  individual  protofilaments 
around their entire cross-sectional profiles. However, it was 
evident from the dimensions  of the portions  of the profiles 
where clarity was lacking, and the numbers of protofilaments 
which  could  be  unequivocably  discriminated,  that  these 
microtubules  possessed  I>15 protofilaments  (Fig.  5,  d  and 
Figure 5. (a and b) Microtubules with 16 protofilaments. (c) Hook- 
decorated  microtubule  with  14  protofitaments,  (d and  e)  Hook- 
decorated  microtubules  which  appear  to  be  composed  of  15 
protofilaments. (f-h) Rotational photographic reinforcements of the 
microtubule image shown in e. (f) One rotation of 360/13 ° reveals 
15-fold radial symmetry. (g) 15 rotations of 360/15 °. (h) 13 rotations 
of 360/13 °. Bar, 20 nm. 
e). Rotational photographic reinforcement analysis (22) con- 
firmed this  evaluation.  15  rotations  of cross-sectional  pro- 
files through  24 °  (360/15 °  ) .about their centers gave strong 
reinforcements (Fig. 5 g). 13 rotations through 360/13 ° (Fig. 
5 h),  14 rotations through 360/14 °, and  16 rotations through 
360/16 °  did not result in substantial  reinforcement.  Impor- 
tantly,  one rotation  was  sufficient to provide reinforcement 
for protofilament number assessment in some instances. Fur- 
thermore, even if the angle of rotation was any one selected 
to highlight n-fold symmetry in the range 13-16 for a full set 
of rotations (360/n  x  n), 15-fold reinforcements were always 
obtained for the single rotation (Fig.  5 f).  Most of the un- 
decorated microtubules had 15 protofilaments, a few had 13, 
and two with 16 protofilaments (Fig. 5, a  and b) were found. 
Discussion 
A  Nucleation-Capture Model for Assembly of the 
TransceUular  Microtubule Bundles 
Drosophila wing cells provide the first reported example of 
The Journal of Cell Biology, Volume 108, 1989  1450 Figure 6. Schematic diagram of a wing epidermal cell summarizing 
the operation of  a cell surface-associated nucleation-capture model 
during the assembly of its transcellular microtubule bundle. The 
trichome-bearing  apical  surface  of the  cell,  where  cuticle  is 
secreted, is oriented towards the top of the diagram. The basal cell 
extension and desmosome attachment complex are towards the bot- 
tom of the diagram. Microtubule minus ends are attached to api- 
cally located hemidesmosomal sites where microtubule assembly 
is nucleated. The direction of microtubule elongation based on evi- 
dence obtained from an investigation of early stages in bundle as- 
sembly (26),  is indicated by the arrowheads. The plus ends of 
microtubules are located towards the base of the cell and some are 
captured by the basal desmosomes. 
a situation in which microtubules have their minus ends as- 
sociated with  the cell surface.  This finding is compatible 
with an earlier study (26) which indicated that assembly of 
these  microtubules  is  nucleated  by  dense  plasma  mem- 
brane-associated plaques at the apical surfaces of the cells. 
Microtubule polarity at the apical ends of Drosophila wing 
cells is opposite to that which would be anticipated if the 
microtubules had grown out from centrosomes to accom- 
plish tip contact with the apical  surfaces of the cells and 
significantly these cells lack centrosomes (38).  Certainly, 
centrosomal promotion of  an asterlike array, such as that well 
documented for initial stages in the outgrowth of interphase 
and spindle microtubule arrays in certain metazoan cell types 
(see references 2, 4, 19, and 23), is not the most obvious and 
architecturally appropriate method to begin construction of 
a transcellular microtubule bundle.  A  cell surface-associ- 
ated nucleation-elongation-capture procedure would be more 
straightforward. 
We propose a model (Fig. 6) in which microtubules elon- 
gate down the longitudinally tapered cells (to some extent 
perhaps guided by the sides of cells) and into the basal cell 
extensions. Here it is likely that the basal desmosomes pro- 
vide another example of an  organdie which,  like certain 
kinetochores (see references 12 and 17), can capture the plus 
ends of microtubnles.  We suggest that capture of the plus 
ends  of bundle microtubules by these basal  desmosomes 
facilitates and initiates events leading to anchorage of  the bot- 
toms of the transcellular bundles to the basal desmosome 
complexes. Some microtubules apparently span the entire 
lengths  of  the  cells  (rather  than  transcellularity  beiiag 
achieved by an overlapping arrangement of microtubules, 
such as the interdigitation of two sets of microtubules which 
elongate from opposite ends of each cell). However, not all 
of the microtubule plus ends are captured at cell bases since 
the transcellular bundles include about four times as many 
microtubules in sections cut across cell bodies than they do 
in cross sections of the basal cell extensions (26).  Hence, 
many microtubules in a  bundle either cease elongation at 
some stage,  or elongate very slowly thereafter, and do not 
reach the level of the basal desmosomes. 
Close associations  between the  densely plugged "prox- 
imal" ends of 15 protofilament microtubules and the axo- 
lemma in certain neurons of the nematode Caenorhabditis 
(7) may provide another instance of the involvement of cell 
surface-associated nucleating sites.  The cell surface-associ- 
ated nucleation-capture procedure suggested above may also 
operate during control of assembly and positioning of other 
transcellular microtubule bundles;  namely, those that have 
been described for epidermal muscle attachment cells in a 
range of arthropods (see reference 28),  ommatidial  cone 
cells in certain insects (27, 39), and supporting cells in the 
mammalian organ of Corti (see reference 30). Furthermore, 
it may transpire that  some other animal  tissue cell types 
which contain longitudinally oriented microtubule arrays, 
such as neurons (see reference 1), and lens cells of the ver- 
tebrate eye (5), also use cell surface-associated microtubule 
nucleation and/or plus end capture to assist in the positioning 
and alignment of polarized microtubule arrays. 
Noncentrosomal Nucleating Sites and Infidelity of 
Protofilament Number 
Most of the bundle microtubules ("°85 %) are composed of 
15 protofilaments, many of the remainder have 13 protofila- 
ments (38) and in this study a few microtubules with 14 and 
16 protofilaments were also found. Thus, protofilament num- 
ber is not determined with very great precision in these cells. 
Furthermore, the number which predominates is not thir- 
teen, which is the number specified with considerable fidel- 
ity for most microtubules in most cell types that have been 
examined (35) and for microtubules reassembled from partly 
purified microtubule proteins isolated from Drosophila eggs 
and embryos (15).  The lack of centrosomal microtubule- 
organizing centers in wing cells is significant because there 
is evidence that protofilament number is specified by these 
microtubule-organizing centers  (see reference 13).  It has 
been argued above that loss of centrosomes is related to spe- 
cial requirements for the construction of transceUular mi- 
crotubule bundles. This raises the question of whether the 
lack of 13 protofilament fidelity arose as an inevitable conse- 
quence of centrosomal loss. For example, it is mainly, per- 
haps only, 13 protofilament microtubules which assemble in 
certain plant tissue ceils  (see  18),  the heliozoan Echino- 
sphaerium (35), and the early mitotic micronuclei of the cili- 
ate Nyctotherus (8) which all lack centriole-containing cen- 
Mogensen et al. Microtubule Polarity in Drosophila  1451 trosomes. Hence, a lack of centrosomal nucleation does not 
necessarily lead to unrestrained infidelity. Thus, the exploi- 
tation of microtubules with more than 13 protofilaments in 
wing cells may be a separate issue from loss of centrosomes. 
The 15 protofilarnent microtubules may have properties dif- 
ferent from those of 13 protofilament microtubules (7), which 
are of particular value in so far as the function and/or forma- 
tion of transcellular bundles are concerned. 
We thank the following of our colleagues in the Department of Biology and 
Preclinicai  Medicine at St. Andrews for their contributions to the investiga- 
tion:  Dr.  M.  J.  Miiner for supplying Drosophila  tissue-culture medium, 
and Drs. J.  Sommerville and D. W.  Spence for assistance with the final 
preparation of the microtubule protein for hook decoration.  We are grateful 
to the Monitoring Editor (Dr. J. R. McIntosh), and the reviewers of an ear- 
lier account of this study, who suggested additional  investigations  that have 
increased  the value of this report. 
This investigation has been supported by a grant (GR/DO0733)  from the 
Science  and Engineering Research Council,  UK, to J.  B.  Tucker. 
Received  for publication 29 August 1988 and in revised form 5 December 
1988. 
R ~ference$ 
!. Baas, P. W., L. A. White, and S. R. Heidemann. 1987. Microtubule polar- 
ity  reversal  accompanies regrowth  of amputated neurites.  Proc.  Natl. 
Acad.  Sci. USA. 84:5272-5276. 
2. Bornens, M., and E. Karsenti.  1984. The centrosome. In Membrane Struc- 
ture and Function. E. E. Bittar, editor. John Wiley & Sons, New York. 
99-172. 
3. Br~, M.-H., T.  E. Kreis, and E. Karsenti.  1987. Control of microtubule 
nucleation and stability in Madin-Darby  canine kidney cells: the occur- 
rence of noncentrosomal, stable detyrosinated microtubules. J. Cell Biol. 
105:1283-1296. 
4. Brinkley, B. R.  1985. Microtubule organizing centers. Annu. Rev.  Cell. 
Biol.  1:145-172. 
5. Byers,  B.,  and K. R.  Porter.  1964. Oriented microtubules  in elongating 
cells of the developing lens rudiment after induction. Proc. Natl. Acad. 
Sci.  USA. 52:1091-1099. 
6. Calarco-Gillam,  P. D., M. C. Siebert, R. Hubble, T. Mitchison, and M. 
Kirschner.  1983. Centrosome development in early mouse embryos as 
defined by autoantibody  against pericentriolar  material.  Cell.  35:621- 
629. 
7. Chalfie, M., and J. N. Thomson.  1982. Structural and functional diversity 
in the  neuronal microtubules  of Caenorhabditis elegans. J.  Cell Biol. 
93:15-23. 
8. Eichenlaub-Ritter, U. 1985. Spatiotemporal control of functional specifica- 
tion and distribution of spindle microtubules with 13, 14 and 15 protofila- 
ments during mitosis in the ciliate Nyctatherus. J. Cell Sci. 76:337-355. 
9. Eicbenlaub-Ritter,  U., and J.  B. Tucker.  1984. Microtubules with more 
than 13 protofilaments in the dividing nuclei of ciliates. Nature (Lond.). 
307:60-62. 
10.  Euteneuer, U., and J. R. Mclntosh.  1980. Polarity of midbody and phrag- 
moplast microtubules. J.  Cell Biol.  87:509-515. 
11. Euteneuer, U., and J. R. Mclntosh.  1981. Polarity of some motility-related 
microtubules.  Proc. Natl. Acad.  Sci. USA. 78:372-376. 
12. Euteneaer, U., and J. R. Mclntosh.  1981. Structural polarity ofkinetochore 
microtubules in PtK~ cells. J.  Cell Biol.  89:338-345. 
13.  Evans, L., T. Mitchison, and M. Kirschner.  1985. Influence of the centro- 
some  on the  structure  of nucleated  microtubules.  J.  Cell Biol. 100: 
1185-1191. 
14. Freeman, M., C. Niisslein-Volhard, and D. M. Glover.  1986. The dissoci- 
ation of nuclear and centrosomal division in gnu, a mutant causing giant 
nuclei in Drosophila.  Cell. 46:457-468. 
15. Green, L. H., J. W. Brandis, F. R. Turner, and R. A. Raft. 1975. Cytoplas- 
mic microtubule proteins  of the embryo of Drosophila melanogaster. 
Biochemistry.  14:4489-4497. 
16. l-louliston, E.,  S.  J.  Pickering,  and  B.  Maro.  1987.  Redistribution  of 
microtubules and pericentriolar material during the development of polar- 
ity in mouse blastomeres.  J.  Cell Biol. 104:1299-1308. 
17.  Huitorel,  P., and M.  W.  Kirschner.  1988. The polarity and stability of 
microtubule capture by the kinetochore. J.  Cell Biol.  106:151 - 160. 
18. Juniper,  B. E., and J.  R. Lawton.  1979. The effect of caffeine, different 
fixation regimes and  low temperature  on microtubules  in the cells of 
higher plants.  Evidence for diversity in their responses to chemical and 
physical treatments.  Planta  (Berl.).  145:411-416. 
19.  Karr, T. L., and B. M. Alberts.  1986. Organization of the cytoskeleton in 
early Drosophila embryos. J.  Cell Biol. 102:1494-1509. 
20.  Karsenti, E., S. Kobayashi, T. Mitchison, and M. Kirschner.  1984. Role 
of  the centrosome in organizing the interphase microtubule array: proper- 
ties  of cytoplasts  containing  or  lacking  centrosomes.  J.  Cell  Biol. 
98:1763-1776. 
21. Kronebusch,  P.  J.,  and S. J.  Singer.  1987. The microtubule-organizing 
complex and the Golgi apparatus are co-localized around the entire nu- 
clear envelope of interphase cardiac myocytes. J.  Cell Sci. 88:25-34. 
22.  Markham, R., S. Frey, and G. J. Hills. 1963. Methods for the enhancement 
of image detail and  accentuation of structure  in electron  microscopy. 
Virology. 20:88-102. 
23.  Mclntosh, J. R. 1983. The centrosome as an organizer of the cytoskeleton. 
Spatial organization of eukaryotic cells. Mod. Cell Biol. 2:115-142. 
24.  Mclntosh,  J.  R., and  U.  Euteneuer.  1984. Tubulin hooks as probes  for 
microtubule polarity: an analysis of the method and an evaluation of data 
on microtubule polarity in the mitotic spindle. J.  Cell Biol. 98:525-533. 
25.  McNiven,  M. A., and K. R. Porter.  1988. Organization of microtubules 
in centrosome-free cytoplasm. J.  Cell Biol. 106:1593-1605. 
26.  Mogensen,  M.  M.,  and  J.  B.  Tucker.  1987. Evidence for microtubule 
nucleation at plasma membrane-associated  sites in Drosophila. J.  Cell 
Sci. 88:95-107. 
27.  Perry, M. M. 1968. Further studies on the development of the eye of Dro- 
sophila melanogaster.  I. The ommatidia. J.  Morphol.  124:227-248. 
28.  Poodry,  C.  A.  1980. Epidermis:  morphology  and development.  In The 
Genetics and Biology of Drosophila. Vol. 2. M. Ashburner and T. R. F. 
Wright,  editors.  Academic Press,  Inc., Ltd.  London. 443--497. 
29.  Schatten, H., G. Schatten, D. Mazia, R. Balczon, and C. Simerly.  1986. 
Behaviour of centrosomes during fertilization and cell division in mouse 
oocytes and in sea urchin eggs. Proc. Natl. Acad. Sci. USA. 83:105-109. 
30. Slepecky, N., and S. C. Chamberlain.  1983. Distribution and polarity of 
actin in inner ear supporting cells.  Hear. Res.  10:359-370. 
31.  Stafstrom, J. P., and L. A. Staehelin. 1984. Dynamics of the nuclear enve- 
lope and of nuclear pore complexes during mitosis in the Drosophila em- 
bryo.  Eur. J.  Cell Biol. 34:179-189. 
32.  Stebbings,  H.,  and C.  Hunt.  1983. Microtubule  polarity  in the nutrient 
tubes of insect ovarioles.  Cell Tissue Res. 233:133-141. 
33.  Szollosi, D., P. Calarco, and R. P. Donahue.  1972. Absence of centrioles 
in the first and second meiotic spindles of mouse oocytes. J.  Cell Sci. 
11:521-541. 
34. Tassin, A. M., B. Maro, and M. Bornens.  1985. Fate of microtubule or- 
ganizing centers during in vivo myogenesis. J.  Cell Biol. 100:35--46. 
35. Tilney, L. G., J. Bryan, D. J. Bush, K. Fujiwara, M. S. Mooseker, D. B. 
Murphy, and D. H. Snyder.  1973. Microtubules: evidence for 13 proto- 
filaments. J.  Cell. Biol. 59:267-275. 
36.  Tucker, J. B.  1981. Cytoskeletal coordination and intercellular signalling 
during metazoan embryogenesis.  J.  Embryol.  Exp. Morphol.  65:1-25. 
37. Tucker, J. B. 1984. Spatial organization of microtubule-organizing centers 
and microtubules. J.  Cell Biol. 99(Suppl):55s-62s. 
38. Tucker, J. B., M. J. Milner, D. A. Currie, J. W. Muir, D. A. Forrest, and 
M.-J.  Spencer.  1986. Centrosomal microtubule-organizing eentres and 
a switch in the control of protofilament number for cell surface-associated 
microtubules during Drosophila wing morphogenesis. Eur. J. Cell Biol. 
41:279-289. 
39. Walz, B.  1983. Association between cytoskeletal microtubules and Ca  2÷- 
sequestering smooth ER in Semper cells of fly ommatidia. Eur. J.  Cell 
Biol.  32:92-98. 
40. Warn,  R. M.  1986. The cytoskeleton of the early Drosophila embryo. J. 
Cell. Sci. Suppl. 5:311-328. 
The Journal of Cell Biology, Volume  108, 1989  1452 